In the framework of model motivated by perturbative calculations in QCD we estimate the differential and total cross sections for both the photoproduction of vector D * -mesons and their yield in deep inelastic scattering at the HERA collider. The offered model allows us to take into account higher twists over the transverse momentum of meson at p T ∼ m c and correctly to approach the dominance of c-quark fragmentation at p T ≫ m c . We consider a possibility for the hadronization of color-octet cq-state into the meson, which results in a good agreement with the experimental data for both the photoproduction and the production in deep inelastic scattering.
Introduction.
Since new data on the photoproduction and electroproduction of charm were recently obtained by collaborations of ZEUS [1] and H1 [2] at the HERA accelerator, the following question appears: what is an interpretation of these data in the framework of perturbative QCD (pQCD)? This is caused by the fact that at present, along with the experimental confirmation of qualitative predictions of pQCD, distinct quantitative disagreements between the measured cross sections and their theoretical expectations were observed in some kinematical regions, i.e. the discrepancies in the form of D * -meson spectra were found.
The exploring of perturbative theory in the processes under consideration is strictly justified due to quite large transverse momenta of D * -mesons, p T ≥ m c . To the same moment, one cannot completely avoid nonperturbative terms in the calculations, and the hadronization process of c-quarks produced in hard collisions of initial partons is described by means of a fragmentation function (FF) D(z, µ), where the parameter µ determines the scale of factorization for the probabilities of perturbative subprocess and binding the quarks into the hadron. The latter is determined by the dynamics of confinement 1 . The information on the nonperturbative FF is taken from the data on the production of charmed particles in e + e − -annihilation [3, 4] . The dependence of FF on µ is determined by the leading logarithmic approximation of QCD (LO) and corrections to it (NLO and NNLO). Calculating the cross sections for the production of heavy quarks in the O(αα 2 s )-order, some authors neglect the D(z, µ) changes versus µ ∼ p T in the hadronization [5] . This dependence of FF was taken into account in other papers upto NNLO [6] . In this way, the authors used the initial FF at µ = µ 0 ∼ 1 GeV in the forms of both the ansätze based on the reciprocity relation [7] and FF by Peterson et al. [8] .
In pQCD two approaches are used for the calculation of cc-pair production upto the O(αα 2 s )-terms. In the first, authors assume that the light quarks and gluons are the only partons present in the photon and proton, when the c-quarks are produced in the interactions of those partons. In this way the nonzero mass of c-quark is taken into account [5] .
In the second approach, the c-quark is assumed to be the additional "active" flavor, so that it is supposed as massless, and the c-quark distributions in the initial particles are introduced in the form of corresponding structure functions [6, 9] .
Note, that in the both ways the hadronization of c-quarks is described in the framework of fragmentation model, which results in the convolution of perturbative distribution of charmed quarks with the fragmentation function:
In the parameterization of (2) the quantities N and ǫ are treated as phenomenological and nonperturbative parameters, though we can clear see that ǫ corresponds to the mass ratio squared for the jet mass over the quark mass, whereas the former logarithmically grows with the increase of total energy in the e + e − -annihilation. The consistent consideration of heavy quark fragmentation as described in [11] with account for both the quantum numbers of meson in the final state and the QCD-structure of vertex on Fig. 1 , leads to the following analytical expression:
where r = m q /(m q + m c ) and
which corresponds to the square of wave function in the origin for two quarks in the framework of nonrelativistic potential model:
The effective mass of light quark m q determines the form as well as the normalization of FF:
where
In the model under consideration we put the probability of fragmentation w(c → D * ) to be independent of the scale µ R , so that w can be remained as the constant value and extracted from the experimental data mentioned.
We argue the following motivation: The distributions of partons inside the heavy-light meson have distinct terms corresponding to the valence quarks. So, for the neutral charmed meson cū, say, in the infinite momentum frame these contributions are given by the functions depending on the fractions of longitudinal momentum and the transverse momenta of partons. The valence terms are determined by
so that the functions yield the average fractions
with x v c + x v u ≈ 1, andΛ denotes the binding energy of heavy quark inside the meson. Then, in the model we neglect the dispersions of quark fractions and put the valence quark velocities to be equal to each other: v c = vū. Generally, we can write down the following representation for the Fock state of charmed meson:
where the quark pairs (cū) carry the mentioned fractions of meson momentum, and they belong to two possible color states: the singlet or octet, and the operators W (1, 8) generate the quark-gluon sea inside the meson at the characteristic scale of bound state µ R . There are several qualitative features of this representation. First, the operators W are nonperturbative, therefore their scale of interactions is about the scale of confinement Λ QCD . So, for the heavy quarkonium there are the counting rules due to the small relative velocity of heavy quarks, i.e. due to the smallness of typical size of bound state with respect to the quark mass. In the heavy quarkonium the W (8) contribution is suppressed by a power of relative velocity [12] . In the heavy meson under consideration, the octet contribution is not suppressed, and it is of the same order as the singlet one. Second feature concerns for the excitations in the system of valence quarks. For the heavy quarkonium the colored P -wave states contribute, since their sizes are still small enough to propagate with no decay into the pairs of heavy mesons. In the heavy-light system the P -wave states are suppressed because they are heavy and have large sizes, that leads to the instability. Then, for the production of charmed mesons the contribution of singlet and octet S-wave state is essential only. The operators W (1, 8) are infrared and cannot be calculated in perturbative QCD. However, they do not influence onto the distributions of meson at the transverse momenta higher that the charmed quark mass, p T ∼ m c . To get rid of the nonperturbative generating the quark-gluon sea, we have to restrict the gluon virtualities k
We suppose µ R ∼ m ρ , and consider the massive light quarks with m q ∼ m ρ /2.
Further, along with the production of color-singlet state of (cq)-system we have to take into account the production of color-octet state with the corresponding transition into the hadron (D * -meson). As we know from the experience on the consideration of production for the mesons containing two heavy quarks, the octet term is suppressed by the third power of relative velocity v for the quarks inside the meson [12] . In the problem studied the velocity is not small and the contribution by the octet can be comparable with the singlet term. Due to the specifics of color amplitude for the e + e − -annihilation the ratio between the production of color-singlet and color-octet (cq)-states is fixed, so that introducing the octet term for the fragmentation we have to substitute for O (1) in Eqs. (3) and (4) by O ef f as follows:
As we have already mentioned, for the mesons containing the light relativistic quark we expect
Then from Eq. (11) we see that at such the ratio of operators the singlet production dominates in e + e − -annihilation. The form of differential cross sections is one and the same for the singlet and octet mechanisms in the fragmentation model. Therefore, we cannot distinguish the singlet and octet terms in the production of D * -mesons in the e + e − -annihilation. However, in deep inelastic scattering the situation is essentially changed in the region of p T ∼ m c , where the fragmentation is not the only mechanism, determining the production of heavy meson.
Thus, we have quite a definite picture for the description of charmed meson production in perturbative QCD with the factorization of terms, resposible for the contributions by the singlet and octet operators.
Concerning the form of FF in this approach of factorization for the hard perturbative amplitude and nonperturbative binding operators, we note that the virtuality of heavy quark is equal to
At an appropriate choice of m q and m c we can reach the FF behaviour similar with that of FF by Peterson et al. in (2) . The logarithmic dependence of ǫ mentioned above can be reasonably neglected in the region, where ln
it is not large.
3 Photoproduction and electroproduction of cq.
As we have shown above, in the e + e − -annihilation we obtain the reliable description of cross sections for the production of charmed particles, if we use the perturbative calculations with a nonzero mass of light quark. In this way the calculations are reduced to the evaluation of single diagram in a special axial gauge (see Fig. 1 ) [11] . In other processes the number of diagrams is essentially greater than the mentioned one. The complete set of such diagrams in the O(αα 3 s )-order is shown in Fig. 2 for the subprocess of γ * g → D * +c + q. Among this set, wherein the initial photon is on mass-shell for the photoproduction and virtual for the deep inelastic scattering, we can identify the diagrams corresponding to the hard production of c-quarks upto O(αα s ) with the consequent fragmentation of heavy quark in the O(α 2 s )-order (for example, graphs 16 and 19) . These terms dominate at p T ≫ m c , which reproduces the predictions of fragmentation model by Eq.(1) in the kinematical region specified.
Let us study the process γ * g → D * + X at a rather high energyŝ ≫ 4M 2 D * to prove the valitidy of our statement on the factorization. The large subprocess energy is required to reach the limit of p T ≫ m D , where the predictions of the model can be compared with the fragmentation regime in the form of (1).
The calculation results for the p T -distribution of the D * -meson production cross section in the framework of our model in comparison with the fragmentation prediction (1) for production are presented in Fig. 3 . In Eq. (1) the Born approximation for cc-pair production and the fragmentation function in the form of (3) have been used. We can see that the factorization for the hard cc-pair production and the probability of the fragmentation of c-quark into D * for the photoproduction cross section takes place at p T > 20 GeV for the singlet state and at p T > 40 GeV for the octet one at the photon-gluon energy equal to 200 GeV. We find that at the lower energy of photongluon interaction, say, at √ŝ = 40 GeV, the fragmentation regime works at p T > 12 GeV for the singlet state production, but the differential cross section for the production of octet state cannot be described by the factorized form of fragmentation since at such the energy the higher twists over p T dominate completely in the whole kinematical region. Thus, the model approaches the fragmnetation regime at rather large transverse momenta. At p T ∼ m c the dominant contribution comes due to the diagrams of nonfragmentational kind. In these diagrams the independtly produced cc andpairs after rescattering are transformed into hadrons. We call them as the recombination diagrams (see, for example, graphs 5, 6, 7 in Fig. 2) . The fragmentation and recombination diagrams have a different asymptotic behavour at large p T . So, the recombination contribution at p T ≫ m c drops like 1/p 6 T in contrast to the fragmentation term decreasing as 1/p 4 T . In the framework of fragmentation approach, the LO calculations must take into account the resolved photon contibution. In the model under consideration, which involves the NLO of charm production like the NLO of fragmnetation calculations, this contribution is included by means of recombination diagrams, where the splitting of photon into the pairs of light quarks is taken into account perturbatively at rather high p T , and, hence, at large virtualities.
An analysis of [5] demonstrates that the logarithmic corrections of the c-quark production become essential at p T > 20 GeV. Thus, we can believe that at moderate p T : ln p T mc ≤ 1, the fixed order calculations (LO, NLO) are valid.
On the other hand, Eq. (1) cannot be applied at p T ∼ m c because of two following reasons:
2) The higher twists over p T must be taken into account beyond the fragmentation regime leading to Eq.(1).
In contrast, the offered model under consideration can be used in the kinematic region p T ∼ m c too, where Eq.(1) does not work, and it reproduces (1) at p T ≫ m c .
Thus, exploring the gauge invariance to the fixed order, we extend the fragmentation term up to the complete set of diagrams to cover the higher twists over p T ∼ m c .
We would like to stress that the perturbative calculations for the production of cq-system can reasonably describe the region of p T ∼ m c , if we suppose the appropriate effective mass of light quark m q . In the calculations we chose the value m q = 0.3 GeV ∼ m ρ /2. Then the gluon virtualities are greater than |k Remember that at p T > 12 GeV we normalize the absolute value of cross section due to relation (4), which assumes that the probability of fragmentation does not depend on the scale.
In contrast to e + e − -annihilation, in both the photoproduction and the electroproduction we find essentially another ratio between the fragmentational and recombinational contributions of octet state in comparison with the ratio for the singlet. So, if O (8) / O (1) ∼ 1, then the recombination contributes to the production of octet at the same level as it does to the singlet production. Therefore, at the transverse momenta p T ∼ m c , where the recombination dominates, the values of cross sections for the singlet and octet are close to each other, when at p T ≫ m c , where the basic role is played by the fragmentation, the octet state term is suppressed as 1/8, according to Eq. (11) .
We emphasize that the introduction of octet term does not practically change the cross section for the production of D * -mesons at p T ≫ m c , however, it essentially contributes in the region of p T ≃ m c .
Description
We fixe the value of fragmentation probability w(c → D * ) taken from the data on the D * -meson production in e + e − -annihilation at LEP, the choice of µ R , m q , m c , so that Eq.(4) definitely determines the value of O ef f (µ R ) operator matrix element. So, if
Such the choice has allowed us to describe the data on the photoproduction of D * -mesons. The results of calculations are shown in Fig. 4 in comparison with the ZEUS data [1] measured in the following kinematical region: p T > 2 GeV, −1.5 < η < 1.5, 130 GeV < W < 280 GeV, Q 2 < 1 GeV 2 , where W is the total energy of γp-interactions, Q 2 is the photon virtuality, and η is the pseudorapidity of D * -meson. We see in Fig. 4 that the value of production cross section for the D * -mesons cannot be explained by the singlet term only. The relative value of the octet contribution O (8) / O (1) = 1.3 allows us to reach the good agreement with the experimental spectra of D * -mesons. We put the attention to the mentioned distinct difference in the behaviour of distributions over the transverse momentum for the singlet and octet terms, and the contribution of octet state is enforced in the forward direction (η > 0). At the chosen values of operator matrix elements the contributions of singlet and octet are close to each other at p T ∼ m c , and at p T ≫ m c the octet term becomes less essential than the singlet one.
We can see that the accounting of the octet contribution essentially improves the form of the cross section distribution over pseudorapidity in the forward direction. Such improvement is due to the fact that the recombination diagrams dominant at p T ∼ m c are increased in the octet part of the cross section by the color factor.
The interaction of the virtual c-quark with the light valence quark can be taken into account easily, as we will show below, but this process becomes essential only at low energies of charm production.
The scale of factorization for the gluon structure function in the proton has been fixed µ F = 2m D * . Calculating the differential cross sections we suppose two values for the scale of factorizing the matrix elements for the quark operators O (1, 8) : µ R = m D * (the upper line) and µ R = 2m D * (the down curve). We see that the experimental data on the photo production of D * -mesons at HERA can be described in the model in the better way if we put µ F = 2m D * and µ R = m D * .
The predictions for the photoproduction of D * -mesons in the low energy region studied by ZEUS [13] : p T > 2 GeV, −1. < η < 1.5, 80 GeV < W < 120 GeV, Q 2 < 0.01 GeV 2 , are shown in Fig. 5 . In the calculations we use the same values of O (1) and O (8) as they stand above.
Unfortunately, the present experimental data do not yet allow us to extract the value of O (8) with a low uncertainty, and with the mentioned variety in the factorization scales we can write down [14] O (8) ≈ 0.33 − 0.49 GeV 3 .
It is quite clear that changing the parameter O (1) / O (8) we can enhance or decrease the contribution of higher twists in the region of p T ∼ m c . In the calculations we neglect the difference between the spectra of vector and pseudoscalar octet states, whose contributions are effectively summed in the corresponding operator. Furthermore, we do not consider a possible influence of P -wave coloroctet states, since their contribution is suppressed in comparison with the S-wave contributions, as we saw in similar studies [15] .
Description of photoproduction for the D s -and D *
s -mesons in ZEUS experiment.
In the model under consideration we predict the cross section for the photoproduction of D s -and D * s -meson. The general features of these processes were disscused in our work [16] . A more detailed analysis is given below.
The probability of c-quark
s ) = 0.1, was fixed from the data on the D s -meson production in the e + e − -annihilation at LEP [17] . Using this value of w s and replacing the effective valence quark mass m q = 0.3 GeV by m s = 0.5 GeV in the amplitude of D * -production, we calculate the expectation of differential cross section for D * s . The analogous technique was used for calculation of D s production cross section. In the both cases the value 1.3 was chosen for the relative octet contribution such as in the D * -meson production. It is worth to mention that the flavor SU(3)-symmetry for the u, d, s quarks is broken. So, to obtain the experimentally measured fraction of charmed-stranged events in the charm production, w s , we put the effective operator O The results of our calculations in comparison with the ZEUS experimental data [18] are presented in Fig. 6 for the following kinematical region: 130 < W < 280 GeV, Q 2 < 1 GeV 2 , p T > 3 GeV and −1.5 < η < 1.5.
We see that the predictions for the D s and D * s photoproduction cross section are in a good agreement with the experiment.
Electroproduction of D
* -mesons.
The used technique of calculations allows us to evaluate the cross sections for the production of D * -mesons in the case when the initial photon is essentially virtual, i.e. off mass shell. For this purpose the matrix element used in the photoproduction M i , where i is the index corresponding to the photon polarization, is squared and convoluted with the spin averaged electron current squared in the following way:
where |A| 2 is the square of amplitude for the electroproduction of D * -mesons, k 1 and k 2 are the initial and final momenta of positron, and
The results of calculations are presented in Fig. 7 for the production of D * -mesons in deep inelastic scattering e + p in comparison with the experimental data of ZEUS Collaboration [19] in the following kinematical region: 1 GeV 2 < Q 2 < 600 GeV 2 , −1.5 < η < 1.5, 1.5 GeV < p T < 15 GeV, 0.02 < y < 0.7, where y = W 2 /s. Calculating the matrix element we use the running coupling constant of QCD at the scales µ R = m 2 D * + Q 2 (the upper curve) and µ R = 4m 2 D * + Q 2 (the lower curve), and the structure function of gluon inside the proton is evaluated at the scale µ F = 4m 2 D * + Q 2 in the CTEQ4 parameterization . Such the choice allows us, first, to get a good description of electroproduction and, second, to reach the scales used in the photoproduction at Q 2 = 0. The ratio of O (1) / O (8) = 1.3 has been supposed to be the same as in the photoproduction, which results in the good agreement with the data.
4 Total cross section of charm photoproduction.
Since we see quite a good description of current data on the photoproduction of charm at p T ∼ m c in the model, it would be of interest to test its predictions for the total cross sections of charm photoproduction in a broad region of interaction energy [21] . We evaluate the total cross sections of charmed particles at the γp-energies in the interval from 20 to 300 GeV (see Fig. 8 ).
To estimate the total charm yield we multiply the D * + and D * − cross section by the factor of 1/0.44 being the inverse fraction of these particles in the charm events as was measured in the e + e − annihilation. Furthermore, to compare with the data at low energies we have to take into account the additional contribution of diagrams related to the production of D * -mesons off the valence quarks in the subprocess γq v → (cq) + c → D * − + X. The consideration of such term can be performed with no introduction of additional parameters because the normalization of the cross section is determined by the same factor of O ef f . In contrast to the contribution of γg → (cq)+c+q subprocess, the contribution of γq v → (cq)+c weakly depends on the light quark mass m q . However, due to the additional condition (4) relating the values of m q and O ef f the implicit dependence of charm yield on m q takes place for the production on the valence quark. So, changing the light quark mass from 0.3 to 0.26 GeV the contribution of this subprocess decreases approximately by 1.5 times. The other terms remains unchanged in this way.
Thus, varying the mass m q we can adjust the contribution of the γq v → (cq) + c → D * − + X subprocess due to the normalization factor of O ef f , and the slow overestimate of experimental data can be removed by the small correction of m q value.
At the HERA energies the contribution of valence quarks is about several percents, and in the framework of present paper we consider a detail discussion of this question to be inappropriate.
Conclusion.
We have presented the model for the production of charmed mesons, wherein the essential ingredient is the account for the degrees of freedom for both the heavy and light quarks in the framework of perturbative QCD at the transverse momenta p T ≥ m c . In the model the hadronization is described by means of matrix elements in the form of factorizing the hard partonic subprocess and the nonperturbative quark operators corresponding to the transition of quark state into the hadron. In this approach, the semilocal duality assumes the differential characteristics of quark pair repeat the distributions of hadron in the region of applicability of perturbative QCD p T ≥ m c . At large p T ≫ m c , as we expect from the common theorem on the factorization of hard processes, the cross section has the form of convolution for the cross section of heavy quark production with the fragmentation function.
The region of p T ∼ m c is described by additional terms different from the fragmentation. They have the asymptotics 1/p 6 T . We enhance the charm yield in this region due to the contribution coming from the color-octet cq-state.
Within the model uncertainties we have described the data on the photoproduction and electroproduction of D * -mesons at the HERA energies as well as the data on the total cross sections of charm photoproduction at fixed target.
The improvement of D * -meson spectrum description in the present model in comparison with other approaches is achieved due to the clear physical effect: the interaction of virtual c-quark with the light one is increased in the color-octet state by the diagrams of recombination in the charm production at p T ∼ m c . At large p T this contribution becomes negligible and the fragmentation regime establishes. It is worth to mention that in our approach the calculation of light quark distribution at large p T ∼ m c was done perturbatively. If one neglects the interference terms, then this mechanism for the enhancement of charm yield in the forward direction can be interpreted as the c-quark interaction with the hadronic remainder (the sea of light quarks), which encreases the forward production (so-called "drag-effect") [22] .
The most essential and main advantage of the method used is the possibility to take into account the interferences of different contributions as well as the higher twists over the transverse momentum.
It is quite evident that the offered scheme of evaluation for the additional contribution into the production of heavy mesons can be transformed to the case of hadronic production. In this sense, it would be of interest to compare such estimates with the data on the B-meson yield at the FNAL Tevatron, which we plan to make in the forthcoming papers. dσ/dp T , nb/GeV dσ/dη, nb Fig. 4 . The differential distributions in the photoproduction of D * -meson over the transverse momentum (p T ) and the pseudorapidity (η) in comparison with the ZEUS data at 130 < W < 280 GeV and Q 2 < 1 GeV 2 . The dashed line presents the contribution of the color-singlet term, the dotted line does the octet term, and the sum of terms is shown by the solid line. The upper and down curves correspond to two scales for the factorizing the matrix elements of quark operators as it is described in the text. dσ/dp T , nb/GeV dσ/dη, nb dσ/dη, nb dσ/dη, nb p T , GeV η η η 2 < p T < 8 GeV 2 < p T < 3.25 GeV 3.25 < p T < 8 GeV dσ/dp T , nb/GeV dσ/dη, nb p T , GeV η p T > 3 GeV dσ/dlog 10 Q 2 , nb dσ/dlog 10 x, nb dσ/dW , nb/GeV dσ/dp T , nb/GeV dσ/dη, nb dσ/dx(D * ), nb log 10 Q 2 log 10 x W , GeV 
